T H E usual blood pressure response of an anesthetized laboratory animal to tracheal occlusion is a pressor response which subsides rapidly to the control level, once the occlusion is removed. During such experiments on animals which some hours previously had received large doses of the adrenergic blocking agent phenoxybenzamine (Dibenzyline), it was observed that the blood pressure underwent a considerable secondary rise instead of falling rapidly.
As the result of exploring this incidental observation, we havii found that a variety of compounds, including physiologically possible amounts of levarterenol (1-arterenol, 1-norepinephrine), sensitize the vascular system to a hormone liberated from the pituitary (or to injected vasopressin). Thus, very marked and lengthy pressor responses are. produced subsequent to the direct, or primary, effect of a stimulus such as tracheal occlusion which appears to liberate this hormone. The phenomenon can readily be produced and an experimental analysis of its nature aud cause is presented. I\£ETHODS Dogs were anesthetized either by intravenous injection of sodium pentobarbital, 35 mg./Kg., which was supplemented as needed, or by a-cbJoralose, 50 mg./Kg., dissolved in polyethylene glycol, molecular weight 200. followed by light, brief, open-drop Fluothane anesthesia. Cats were anesthetized with intraperitoneal injection Received for publication January 6, 1958. of a mixture of allobarbital (60 mg./Kg.), urethane (240 mg./Kg.) and monoethylurea (240 mg./Kg.). A tracheal cannula was inserted and blood pressure was recorded through a carotid artery cannula using Mepesulfate or heparin as an anticoagulant. Injections of atropine sulfate, 1 mg./Kg., were usually made to prevent vagal effects upon the heart. Asphyxia was induced by occluding the tracheal cannula with the chest in the expiratory position for 60 sec, the carotid arteries were clamped low in the neck for 45 sec, and nicotine in a dose of 20 to 40 /xg./Kg., or l,l-dimethyl-4-phenyl piperazinium iodide (DMPP) in a dose of 10 or 20 fug./Kg., was injected intravenously. The compound under test, in the form of a soluble salt, was freshly dissolved and injected subcutaneously in the abdominal area in a volume of 1 ml./Kg., except in the cases of certain of the most powerful amines in which case the volume was sometimes 10 ml./ Kg. The dose was usually 5 mg./Kg. of the salt.
RESULTS
Character of Secondary Rexpovse. After the blood pressure response to asphyxia, nicotine and carotid occlusion had been recorded, a suitable compound was injected as described. When the blood pressure had returned to a normal level, usually about 45 min., the various stimuli were repeated. The development of a secondary pressor response in a dopamine-treated dog is well illustrated in figure 1. It is evident that this response was not an exaggeration of the usual response to the stimulus chosen, but an additional event. Furthermore, it was not prevented by the adrenergic blocking agent, phenoxybenzamine ( fig. 1, table 2 ).
The response could be elicited in some de-
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Circulation lUttarch, Volume VI. May ltSS Figure 2 gree as long as 4 hours after a single administration of dopamine or hydroxyamphetamine to dogs, but not as long as 6 hours. Other compounds were not tested for duration of action, although many, especially those known to have long-lasting actioas, were effective for several hours. Xo attempt was made to ascertain the minimum doses of amines which, when injected subcutaneously, would permit this effect to develop, but it was observed with doses of dopamine as low as 1 mg./Kg. Although positive responses were obtained after dopamine, carotid occlusion was the least effective stimulus, perhaps owing to the use of barbiturate anesthesia. Asphyxia, nicotine and DMPP were usually increasingly more reliable in that order, regardless of the amine employed. This response to dopamine was obtained in more than 50 cats, over 100 dogs, and in 2 rhesus monkeys (pentobarbital anesthesia).
Originally, subcutaneous injection was employed as a convenient way to administer large doses of the various compounds tested. However, such a method provided no control of the rate of entry of the compound into the blood. Further, the initial pressor effect of these drugs was a disadvantage.
Therefore, intravenous infusion of 1-norepinephrine by means of a variable speed, motor-driven, niercury sealed syringe pump was examined. Since we found that 1-norepinephrine was among the compounds able to elicit this response in large subcutaneous doses (table 2) , we infused it only at rates approximating those concentrations found by others to be within the physiologic range. 1 The results of such experiments are presented in table 1. It can be seen that quite frequently sizable secondary responses to asphyxia occurred when the concentration of 1-norepinephrine infused was of the order of 1 |xg. of the base/Kg./min. These concentrations did not always produce an elevated mean blood pressure at the time of testing. An excellent example of such a response is shown in figure 2 .
Cause of Secondary Response. It seemed likely that the secondary elevation of pressure after the usual response to the various stimuli had more or less subsided was due to an hitherto undeseribed phenomenon. The possibility that the various active substances were stored during the period of absorption and released during stimulation was considered. This was rejected when it was found that no storage could be detected by the chemical analyses of blood, adrenal glands, spleen, brain or liver. Increased pressor activity could not be demonstrated in extracts of these organs or of blood when they were injected intravenously into pithed, cocainized, artificially ventilated cats highly sensitive to sympathomimetic amines.
Little or no effect on the development of a secondary response following subcutaneous injection of dopamine or hydroxyamphetamine was observed following a variety of surgical procedures. Thus, bilateral vagotomy, denervation of the carotid bifurcations, bilateral adrenalectomy, splenectomy, bilateral nephrectomy or panereatectomy were without effect. Portalcaval shunting with or without ligation of the hepatic artery had no influence on the results; neither did bilateral adrenalectomy combined with splenectomy and bilateral nephrectomy. Ganglionic blockade induced by chlorisondamine, 0.5 mg./Kg., prevented any response to DMPP, but did not influence the usual pressor response to asphyxia or the secondary pressor response following asphyxia. High CHEXOWETEL ELLMAX, REYXOLDS AXD SHEA .spinal anesthesia with procaine greatly prolonged the response, probably by preventing compensatory reflex adjustments of the blood pressure.
Freehand placement of a concentric electrode into an hypothalamic vasopressor area was accomplished in 2 clogs. After dopamine. a very definite secondary pressor response developed when stimulation (5 V., 50/sec, 10 msec, 15 sec. duration) was stopped, in contrast to the brief pressor rise prior to dopamine administration. Similar stimulation of the central end of the cut vagus in 2 dogs produced a rise in blood pressure which was followed, after the usual dopamine administration, by a secondary pressor response when stimulation ceased.
Attention was thus drawn to cephalad regions and it was found that virtually complete occlusion of the blood supply to the head abolished the secondary pressor response following DMPP in a suitably treated dog, although a pressor response to DMPP persisted. (Under assisted respiration, circulation to the brain of dogs was impaired by ligature of the brachioeephalic artery and constriction of the neck (except the trachea) with two worm-screw tightened hose clamps. This was usually sufficient to occlude circulation of the head to the extent that respiratory motions ceased. Examination of the head under ultraviolet light after intra-aortic administration of fluoreseein revealed a very slight but definite continuation of blood flow to the head, which was traced to the vertebral column itself.)
Temporary occlusion of the superior vena cava immediately following stimuli such as asphyxia or nicotine prevented the development of the secondary pressor response after dopamine until the occlusion was removed, whereupon the pressor response promptly developed in the expected fashion. In other experiments, the venous return from the head was occluded, with the exception of the right cervicovertebral vein, which was cannulated and its flow redirected cardiad into a femoral vein. Owing to the restricted outflow, venous pressure was high in the cervieovertebral end of the circuit, so blood re-entered against the femoral vein pressure. A T-tube and clamps on this circuit permitted withdrawal of blood from the cervicovertebral vein immediately following the stimulus, both before and after dopamine administration. After dopamine, when this blood was reinfused into the opposite femoral vein of the same dog, a prolonged pressor response occurred ( fig. 3 ), but no effect was produced by the same sample of dog blood infused into cats prepared for amine assay.
The possibility that a pressor material was released from the posterior pituitary was examined. Three dogs survived acute transpalatine hypophysectomy which was confirmed at necropsy. None of these preparations demonstrated any secondary pressor effect following administration of any of the usually effective compounds (fig. 4 ). Sham operation with destruction of the optic chiasm in a fourth dog did not prevent the effect following hydroxyamphetamine. In a dog with restricted cranial circulation previously treated with hydroxyamphetamine, nicotine was inactive while vasopressin was potentiated ( fig. 5) . In other dogs, injection of vasopressin solutions intravenously in doses of 6 to 50 milliunits/Kg. before and after a suitable amine revealed prodigious potentiation of the vasopressor action by the amine.
Oxytoein was unaffected in its action on the blood pressure (fig. 6) ; nor, even in large doses, did it block this effect of vasopressin. Intraearotid injection of 15 ml. of 10 per cent sodium chloride produced a much greater rise in blood pressure after an amine than before, as might be expected from the previous experiments and the known effects of intraearotid injection of hypertonic solutions upon the release of antidiuretic-pressor hormone. 2 It remained only to localize the vascular bed upon which the hormone acts. Complete exclusion of the circulation to the gastrointestinal tract by ligation nearly completely abolished the usual response to injected vasopressin, and virtually abolished the secondary pressor response to the usual stimuli after the amines as well. Injection of vasopressin through a cannula placed retrogradely up the femoral artery so that its orifice lay at the superior mesenteric artery produced greatly increased effects in aminetreated animals, but if the orifice lay in the aorta peripheral to this arterial bed, much less effect was produced. The vascular bed of the intestine was examined through a dissecting microscope in loops transilluminated by insertion of a reflecting rod. Profound constriction of the small arterioles and venules was observed, coinciding with the secondary pressor response. Subcutaneous vessels were observed to become notably constricted, as well, but they did not seem to participate much in the total response, in view of the fact that exclusion of the intestines largely eliminated the secondary pressor response.
These experiments lead to the conclusion that certain compounds listed in table 2 sensitize the intestinal vascular bed to the action of vasopressin so that it, or a similar hormone discharged from the animal's own hypophysis, exerts a profound pressor effect.
Compounds Potentiating the Pituitary Pressor Hormone. In table 2 are listed the compounds which have been roughly compared for their ability to induce a secondary response to stimuli liberating a pituitary pressor hormone. The derivatives of phenylethylamine are more potent than those of phenylisopropylamine. Indeed, only one of the latter, hydroxyamphetamine, is very active. With the notable exception of both d-and 1-norepinephrine, compounds having any substituent other than hydrogen on the carbon adjacent to the benzene ring are usually inactive, especially if, in addition, the nitrogen is substituted. On the other hand, nitrogen alkylation alone of the basic phenylethylamine or phenylpropylamine structure does not seem to influence the action.
It is known that the effect of intravenously injected tyramiue on the blood pressure is blocked by cocaine in closes of 5 mg./Kg. 3 The secondary pressor response induced by tyramine is likewise blocked by cocaine. The direct action of hydroxyamphetamine upon the blood pressure is blocked by previous injection of cocaine. However, the secondary pressor response induced by hydroxyamphetamine definitely is not blocked by prior injection of cocaine.
These observations suggest partial conversion of hydroxyamphetamine to 3,4-dihydroxyamphetamine, for it is generally regarded that hydroxylation in the meta position is required to prevent a sympathomimetic amine from being blocked by cocaine. 4 As might be expected, the respouse after dopamine and norepinephrine was potentiated by cocaine.
The action of phenoxybenzamine may possibly be explained by the metabolic conversion found by Brodie, Aronow, and Axelrod 5 to the amine X-phenoxyisopropyl-X'-benzylamine. That the response induced by this compound appears only several hours after the material is injected is compatible with this interpretation.
Possible precursors of sympathomimetic amines such as /}-phenyl serine, tyrosiue, and dihydroxyphenylalanine, were inactive in doses of 100 mg./Kg. It is noteworthy that 5-hydroxytrj r ptamine also was completely inactive in this regard.
In dogs, the usual subcutaneous injection of dopamine, 5 mg./Kg., resulted in a marked elevation of blood pressure which subsided within 30 to 45 min., but in cats there was usually no rise in blood pressure. Therefore, a period of 45 min., was allowed to elapse before stimuli were repeated. In no other respect was the response of the cat to various amines fouud to differ from the dog.
Spontaneous Secondary Pressor Responses. In some anesthetized, but otherwise untreated dogs, we sometimes encountered a detectable secondary pressor response to the usual stimuli, of variable magnitude and duration. This effect usually was elicited only by the first 1 or 2 stimuli and then Mas no longer noted. In one case in which it persisted, it was clearly potentiated by cocaine. Some such response was seen in IS of 100 dogs with the greatest incidence during the months of October through February, both 1955 and 1956, and again in 1957. It was noted in both sexes. This may reflect seasonal variations in the natural amiue titer, which are known, 6 or in the vasopressin titer, -which we have not found reported.
About one-fifth of the dogs tested in October and Xovember (1957) failed to show much of a secondary response, although they were definitely sensitized to injected vasopressin.
Miscellaneous Observations. Most of this work was done using male animals, or nonpregnant females. It was early observed that pregnant females pave "poor experiments" and their results were discarded. Later, when some understanding of the phenomenon had developed, it was reconfirmed that pregnant females appear to respond weakly to the stimuli and to injected vasopressin, a finding readily explained by the existence of a vasopressin destroying system in blood during pregnancy."
Very often it was noted that the acute pressor response to asphyxia was converted in part to a depressor response after an amine administration. Such a change usually preceded a considerable secondary pressor response. When a similar effect was found to occur with in jet-ted vasopressin, the wellknown coronary constrictor action of vasopressin seemed an adequate explanation. This implies potentiation of vasopressin on the coronary bed, as well as the intestinal and subcutaneous areas, a matter which should be explored more fully.
DISCUS.SIOX
While the doses of amines employed in these acute studies were large, with the exception of the 1-norepinephrine infusion experiments, the amounts of pressor material released by the hypophysis of the three species studied must be "physiologic." Various comparisons of pressor responses suggest that it corresponds to a minimum of 10 to 20 milliunits of injected vasopressin/Kg. when estimates are made in the amine treated dog. The pressor material released from the dogs head in our studies was not positively identified as vasopressin. Indeed, Thorn and Silver seem to have provided evidence that the pressor-antidiuretie hormone is actually released from the neurohypophysis as a protein-peptide complex. 8 Nevertheless, as it was released from the pituitary by agencies known to release vasopressin (detected by ADIT activity) and injected va.sopre.ssin exerts the same effect, it seems very likely that it is (or contains; vasopressin. Whether it is identical with the cerebrotonin of Taylor and Page 9 is uncertain. There is no necessary relation between the occurrence of a pressor response to the potentiating compound and the pressor response to the released hormone. For example, phenoxybenzamine exerts no pressor effect; puzzling as it may be, subcutaneous dopamine exerted no pressor effect in cats, and the pressor response occurs in dogs treated with phenoxybenzamine prior to a sympathomimetic amine, or cocaine prior to hydroxyamphetamine. Finally, the pressor effect of infused, 1-norepinephrine was very small, or absent, when secondary responses were obtainable, sometimes even 15 min. after the iiifusion was stopped. Of course, the direct pressor response to the various compounds, when noted, usually persists less than 1 hour, while the potentiation of A'asopressin can often be detected for several hours.
There has previously been little reason to believe that the hormones of the posterior pituitary play a role in the regulation of the circulation, despite the vasoconstrictor action of the antidiuretie hormone. To obtain the pressor action requires larger doses than are required to elicit the antidiuretie action, so the former action has been regarded as " pharmacologic," while the latter has been considered the "physiologic" action of the hormone. Consequently the finding by Ellis and Grollman 10 of very greatly increased antidiuretie hormone titers in the urine of hypertensive rats, dogs, and humans has remained uninterpretable. Recently, Il'ina and Tonkikh 11 have described a secondary rise in the systemic blood pressure of cats and dogs lasting for several hours after they were subjected to a short stimulation of the sciatic nerve. This elevation of blood pressure was not observed in hypophysectomized animals. With such a background, the relief of essential hypertension obtained by Keedy 12 in 4 of 5 patients following pituitary stalk section is most provocative.
Attempts to establish a role for norepinephrine and its congeners in the production of essential hypertension have met with only limited success. 1 However, a synergism between norepinephrine and vasopressin at physiologic levels has not been considered and may perhaps be of importance in hypertensive diseases.
SUMMABY
Administration of some pressor amines, but not others, sensitizes the intestinal and subcutaneous vascular beds to vasopressin to such an extent that amounts liberated from the pituitary of dogs, cats, and monkeys produced pressor effects in these animals. Le administration de certe aminas pressori sensibilisa le vasculaturas intestinal e subcutanee al effectos de vasopressina a un tal grado que le quantitates liberate per le corpore pituitari de canes, cattos, e simias produceva effectos pressori in iste animales. Le administration de certe altere aminas pressori non evocava iste phenomeno.
